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ABSTRACT
We present observational evidence of the e†ect of small-scale (““ microturbulent ÏÏ) velocities in enhanc-

ing the intensity of the He II j304 line with respect to other transition region emission lines, a process we
call ““ velocity redistribution,ÏÏ. We Ðrst show results from the 1991 and 1993 Ñights of SERTS (Solar
EUV Rocket Telescope and Spectrograph). The spectral resolution of the SERTS instrument was suffi-
cient to infer that, at the spatial resolution of 5A, the line proÐle is nearly Gaussian both in the quiet Sun
and in active regions. We were then able to determine, for the quiet Sun, a lower limit for the amplitude
of nonthermal motions in the region of formation of the 304 line of the order of 10 km s~1. WeA�
estimated that, in the presence of the steep temperature gradients of the solar transition region (TR),
velocities of this magnitude can signiÐcantly enhance the intensity of that line, thus at least helping to
bridge the gap between calculated and observed values. We also estimated the functional dependence of
such an enhancement on the relevant parameters (nonthermal velocities, temperature gradient, and
pressure). We then present results from a coordinated campaign, using SOHO/CDS and Ha spectrohelio-
grams from Coimbra Observatory, aimed at determining the relationship between regions of enhanced
helium emission and chromospheric velocity Ðelds and transition region emission in the quiescent atmo-
sphere. Using these data, we examined the behavior of the He II j304 line in the quiet-Sun supergranular
network and compared it with other TR lines, in particular with O III j600. We also examined the
association of 304 emission with the so-called coarse dark mottle, chromospheric structures seen in HaA�
red-wing images and associated with spicules. We found that all these observations are consistent with
the velocity redistribution picture.
Subject headings : line : formation È line : proÐles È Sun: atmospheric motions È Sun: chromosphere È

Sun: corona È Sun: transition region

1. INTRODUCTION

A recent study with SOHO observations (Macpherson &
Jordan 1999, henceforth MJ99) has conÐrmed an earlier
result of the Skylab era, that the observed intensities in the
principal resonance line of He II, the 304 line, exceed inA�
the quiet Sun by a factor of 3, and possibly even by an order
of magnitude or more, the values computed from empirical
model solar atmospheres that reproduce the other strong
transition region (TR) line intensities very well. A number of
suggestions have been o†ered to explain this situation. One
of the earliest proposals, developed to describe visible and
EUV (extreme ultraviolet) observations predating Skylab,
invokes the so-called photoionization-recombination (P-R)
mechanism. According to that model, the He II j304
radiation, in fact the entire solar helium spectrum, is
due to recombination cascades following ionization by
EUV coronal radiation impinging on the chromosphere
(photoionization thresholds : 504 for He0, and 228 forA� A�
He`). A standard discussion of this process can be found in
Zirin (1988), p. 198. This process has often been regarded as
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the ““ natural ÏÏ solution to the problem of the anomalous
intensities of helium lines ; but careful analyses of the obser-
vations have revealed some inconsistencies, especially in the
quiet Sun (e.g., Milkey 1975 ; Athay 1988 ; Kohl 1977 ;
Jordan et al. 1993 ; Andretta & Jones 1997).

Alternatively, Shine, Gerola, & Linsky (1975) suggested
that di†usion of He` ions into a region of higher tem-
perature thermal electrons could provide the enhancement
mechanism, in the case of collision-stimulated 304 radi-A�
ation. However, calculations by Fontenla, Avrett, & Loeser
(1993) showed that di†usion (namely, ambipolar di†usion)
had only a small e†ect on the He` ions, though it had a
large e†ect on hydrogen atoms and protons (yielding
hydrogen Lya proÐles that compared well with obser-
vations without the artiÐcial ““ temperature plateau ÏÏ pre-
viously invoked for that purpose, giving the Fontenla et al.
study considerable credibility). Recent preliminary calcu-
lations by Avrett (1999) include the e†ect of Ñows as well
and thus put these results on a Ðrmer basis. However, it is
still unclear to what extent the combined e†ect of di†usion
and Ñows in average, time-independent models can account
for the observed discrepancies.

Another possibility was proposed by C. Jordan (1975,
1980, henceforth : CJ75, CJ80, respectively), who noted that,
if the 304 line were collision dominated, as a growingA�
body of evidence suggests, the extreme sensitivity of its
collision source term to increases in electron temperature,
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compared to the other strong collision-dominated lines in
the TR, meant that exposure to higher temperature elec-
trons by any mechanism would produce a di†erential inten-
sity enhancement in He II j304. For instance,
microturbulent or larger scale movement of He` ions into a
region of higher temperature thermal electrons could
produce the observed intensity enhancement, given the
more rapid thermalization of the moving ““ blobs ÏÏ com-
pared to the time for collisional excitation in the line. On
the other hand, any mechanism that would create and
sustain ““ higher temperature ÏÏ electrons in situ could do the
job as well. Since JordanÏs suggestion appeared, both means
of intensity enhancement have been proposed and investi-
gated.

The latter possibility, in situ production of nonthermal,
““ hot ÏÏ electrons in the transition region, is a requisite of the
so-called velocity Ðltration mechanism for coronal heating,
proposed by Scudder (1992a, 1992b) and evaluated by
Anderson (1994), Anderson, Raymond, & van Ballegooijen
(1996), and, more recently, by Wong, & KlimasVin8 as,
(2000). Anderson et al. found it difficult to reconcile the
observed intensities of all the strong TR and coronal lines in
a temperature structure determined by collisionless
““ Ðltration ÏÏ of the nonthermal electrons in the solar gravita-
tional Ðeld. On the other hand, has proposed aVin8 as
plasma instability for driving the electron distribution func-
tion away from Maxwellian in the high-energy tail, arguing
that this process could produce a sustainable distribution
because it operates at a sufficiently high frequency to over-
come damping by the background electrons. Thus, at this
stage, we believe that this mechanism must be regarded as a
candidate for at least contributing to the 304 intensityA�
enhancement. However, much work still needs to be done
to assess whether the conditions for this process to be e†ec-
tive are realistically present in the solar atmosphere.

The other suggestion o†ered by CJ75, CJ80, a velocity
redistribution of the He` ions, is the subject of this paper. A
preliminary study of SERTS spectra supported this sugges-
tion (Jordan 1994). We now present much more extensive
evidence, based on observations taken with the SERTS
sounding rocket in 1991 and 1993 and supplemented by
more recent SOHO and ground-based results, that a redis-
tribution of the He` ions by comparatively small-scale
““ microturbulent ÏÏ motions in the presence of a sharp TR
temperature gradient makes a signiÐcant contribution to
the required intensity enhancement in the quiet Sun.
Further support for this hypothesis, which we have chosen
to call ““ velocity redistribution,ÏÏ is provided by an analysis
based on an earlier SERTS Ñight in 1989, that makes a
strong case for collision domination of the 304 line, atA�
least in the quiet Sun and possibly in active regions as well
(Jordan et al. 1993), an e†ect that is conÐrmed by results
from a recent SERTS Ñight, in 1997, reported later in this
paper.

The paper is organized as follows. In ° 2 we present and
analyze SERTS observations of the He II j304 line from the
1991 and 1993 Ñights. In ° 2.1 we review the ““ velocity
redistribution ÏÏ mechanism and show that substantial unre-
solved motions (a requisite of that mechanism) are present
in the region of formation of the 304 line, at least in theA�
quiet Sun. Having established the plausibility of a signiÐ-
cant role of the ““ velocity redistribution ÏÏ mechanism in the
quiet Sun, in ° 3 we discuss the 1998 June 20È21 coordi-
nated Ha and SOHO observations, investigating the

relationship between the 304 line and quiet-Sun chromo-A�
spheric and TR structures.

2. SERTS OBSERVATIONS

The SERTS observations used for this study include
spectra and images in the He II j304 line taken during the
1991 May 7 and the 1993 August 17 Ñights, denoted in this
paper as SERTS-91 and SERTS-93, respectively. The
science instrumentation was identical on the two Ñights,
making the two sets of observations highly compatible. A
basic description of the instrument is given in Neupert et al.
(1992). The unique ““ dumbbell ÏÏ shape of the SERTS
entrance slit permitted us to obtain spectra of both active
regions and quiet Sun, over areas that were also imaged in
the same wavelengths in near-real time. The spectral
resolution for these Ñights was approximately 55 mA�
(FWHM, see below), and the spatial resolution about 5A.
Further details on the conÐguration of the SERTS instru-
ment, as well as an analysis of average active-region and
quiet-Sun spectra for the above two Ñights are given in
Brosius et al. (1996).

Slit spectra were selected from two di†erent pointing
positions during each Ñight. For SERTS-91, the second
pointing position yielded narrow-slit spectra over the edge
of active region NOAA 6615 (S08, W32) and images
(spectroheliograms) of the quiet Sun in the lower wide lobe
that crossed the west limb, as shown in the left-hand panel
of Figure 1. We will refer to this pointing position as
SERTS-91 position A. At the Ðrst pointing position, the
upper wide lobe imaged the same active region while the
narrow slit provided spectra of the previously imaged adja-
cent area that was partially o† the limb (SERTS-91 position
Q). For SERTS-93, the slit at the Ðrst pointing position
bisected active region NOAA 7563 (S01, W15) and will be
referred to as SERTS-93 position A (right-hand panel of
Fig. 1). For the second pointing position, the narrow slit
was moved over a prevalently quiescent area (SERTS-93
position Q), while the wide-slit provided imaging of the
active region. We selected the best 64 spatially resolved
spectra along the narrow slit in all the cases.

Positions A on both SERTS-91 and SERTS-93 yield a
mixture of quiet-Sun and active-region spectra. In contrast,
SERTS-93 position Q gives quiet-Sun spectra only, while
SERTS-91 position Q yields only quiet-Sun spectra inside
the limb and other o†-limb spectra not used for this
analysis. Using the criteria discussed in Brosius et al. (1996),
and after excluding the o†-limb spectra of SERTS-91 posi-
tion Q, these data gave a total of 87 spectra of active-region
intensities (36 and 51 from SERTS-91 and SERTS-93,
respectively) and 169 quiet-Sun spectra (92 and 77). Because
of their proximity to the limb, we also excluded from the
line width analysis of ° 2.1.2 the remaining 30 on-disk
spectra of SERTS-91 position Q.

The SERTS spectral resolution enabled us to separate the
He II j304 line from the nearby Si XI j303 line. Figure 2
shows representative He II j304 proÐles observed in active
and quiet regions, together with their Gaussian Ðts. Since
the line intensity in active regions is much higher than in
quiet Sun, we show in this Ðgure normalized intensities
only, in order to display more clearly similarities and di†er-
ences between the two proÐles. In particular, both proÐles
appear to be very nearly Gaussian. In fact, we found that
none of the SERTS-91 or -93 He II j304 spectra seems to
show any hint of a central reversal or any large departures



440 ANDRETTA ET AL. Vol. 535

FIG. 1.ÈPointing positions during SERTS-91 (1991 May 7, position A; left-hand panel) and SERTS-93 (1993 August 17, position A; right-hand panel). The
location of the narrow slit in positions Q of both Ñights is indicated by a solid line within one of the two wide lobes. In each image north is at the top.

from a Gaussian proÐle. On the other hand, Milkey (1975)
showed that the P-R process should produce a strong
central reversal in the proÐle of this line. The absence of this
feature in our observed proÐles o†ers further support for
collisional excitation.

The SERTS data analyzed consisted of EUV intensities
observed at each spatial and spectral pixel. Over a range of
25 spectral pixels, approximately centered on the 304 line,A�
for each spatial position along the narrow slit the spectra
were then Ðtted by a single Gaussian Ðtting routine. The
routine used removed the adjacent continuum using a linear
Ðt to the continuum, which contained no other signiÐcant
lines over this spectral range. From this Ðtting of the nearly

FIG. 2.ÈRepresentative proÐles from SERTS-93, position A, averaged
over 11 spatial pixels, to improve signal-to-noise ratio. ProÐles are normal-
ized to the peak intensity of the He II j304 line. Diamonds and circles
represent proÐles from the quiet Sun and active regions, respectively. The
solid lines are Gaussian Ðts to the observed proÐles.

Gaussian proÐles observed, we obtained values for the total
line intensity, the measured width, and the line-centerp

M
,

position on the wavelength axis, and their errors, usingj0,the following deÐnition for the normalized Gaussian
proÐle :

r(j) \ 1

J2np
M

exp
C
[ 1

2
Aj [ j0

p
M

B2D
. (1)

We assumed that the thermal width of the line is the
value given by the temperature at which the contribution to
the emission in He II j304 reaches its maximum. CJ75 esti-
mates that temperature to be 80,000 K, in the optically thin
case. We obtained approximately the same value by using
more recent atomic data (see ° 2.1.1), and the same di†eren-
tial emission measure (DEM) distribution given in that
paper. We obtained slightly lower values, about 75,000 and
70,000 K, when using the DEMs given by Dere & Mason
(1993) or by Raymond & Doyle (1981), respectively. We
note that, because of the steep temperature dependence of
the relevant excitation rates, this temperature is substan-
tially higher than the temperature of maximum fractional
abundance of He`, estimated at B50,000 K by using data
from Arnaud & RothenÑug (1985). At the temperature
T \ 80,000 K, the thermal width of the He II j304 line is

p
T

\ j
c
S kT

MHe
\ 13.06 mA� , (2)

where is the mass of the helium nucleus and j is theMHewavelength of the line.
The SERTS instrumental width, (same value for bothp

IÑights), was measured in the laboratory and was found to
vary slowly in the range B20È26 and almost linearlymA�
along the slit. Its dependence on the slit position can be
approximated by

p
I
\ 11 ] [1.8445] 0.0085] (n [ 1)] mA� , (3)

where n is the spatial pixel position in the range 1È64.
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Using the values for thermal line width and instrumental
width given above, we then determined the residual, or
““ nonthermal,ÏÏ line width,

p
R

\ Jp
M
2 [ p

I
2[ p

T
2 , (4)

expressed as a nonthermal velocity. In three SERTS-93
spectra, the observed widths were nearly equal to forp

I
:

those points we set equal to zero.p
RFrom the line center positions, we also computed the

relative Doppler velocity shifts from the nominal wave-
length of the line (303.782 Since the wavelength cali-A� ).
bration is known only up to some overall constant o†set,
estimated to be of the order of 5 km s~1, the absolute
Doppler velocity shifts remain undetermined.

In Figure 3 we show the run of the Ðtted parameters
(intensity, line shift, residual width) along the slit, for both
SERTS-91 and -93. From Figures 2 and 3, it is readily
apparent that line widths are smaller in those regions where
line intensities are higher. In fact, as we will show in ° 2.1.2,
we consistently obtained an anticorrelation between inten-
sity and residual line width. This behavior is in contrast
with what is expected from opacity e†ects, and it is also the
opposite of what is observed in other probably optically
thick TR lines, such as the C IV jj1548, 1550 and Si IV

jj1393, 1402 doublets (Dere & Mason 1993).

2.1. Interpretation of the SERT S Observations
The anticorrelation observed between intensity and

residual line width in the SERTS-91 and -93 data suggests
that the actual small-scale velocities of the emitting ions
may be greater in the quieter radiating elements than in and

near the active regions observed. If this is true, then the
mechanism of velocity redistribution could contribute sig-
niÐcantly to the intensity enhancement of the He II j304 line
in the quiet Sun. In order to show that this situation is
plausible, we do two things in this section. First, we review
the results of a simple calculation that shows the e†ect of an
isotropic microturbulent velocity Ðeld in the TR of velocity
amplitude in enhancing the emission of the 304 line inVNT A�
the presence of di†erent TR temperature gradients and
physical conditions in the lower TR. The method employed
follows closely the plausibility argument given by CJ80. The
TR parameters fall in a range given by numerous extant TR
models for quiet Sun and active-region conditions.

We next develop a simple procedure for establishing a
reasonable lower limit on the actual small-scale nonthermal
velocities of the emitting ions, in the quiet Sun. This method
takes into account the fact that the 304 line is most likelyA�
optically thick, even in the quiet Sun. It is also assumed that
the temperature at which these photons are producedÈat
which collisional excitation in the line occursÈis not suffi-
ciently greater in the quiet Sun than it is in the active region
for thermal e†ects to ““ Ðll in ÏÏ the di†erences in line width.
We thus Ðnd that the magnitude of these nonthermal veloci-
ties in the quiet Sun is comparable with observations from
other, optically thin TR lines and compatible with a signiÐ-
cant enhancement of the line intensity.

2.1.1. Estimation of the ““ V elocity Redistribution ÏÏ E†ect

To illustrate the velocity redistribution e†ect for a range
of physical conditions we can expect to actually encounter
in the lower solar TR, we follow the approach of CJ80.

FIG. 3.ÈFitted parameters (intensity, shift, residual width) as function of slit position for both pointing positions A (left-hand panels) and Q (right-hand
panels) of SERTS-91 and SERTS-93. In the lower panels, line shifts are marked by squares (with positive values representing blueshifts), residual widths by
diamonds. For the SERTS-93 spectra, the Ðrst slit position corresponds to the easternmost part of the slit ; for SERTS-91 spectra, the Ðrst slit position is near
or o† the limb (see Fig. 1). Errors for the line shifts are not marked because of the uncertainty in the wavelength calibration.
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Elaborating somewhat on that simple picture permits us to
estimate intensity enhancements as a function of a range of
TR conditions found in both quiet and active emitting ele-
ments.

Invoking the assumption of electron collisional excitation
from the ground state (level L ) to levels with principal
quantum number n \ 2 (level U), we can write the collision
time for excitation in terms of collisional excitation rate,
C

LU
:

texc \ 1/C
LU

. (5)

In turn, the collisional excitation rate can be written as

C
LU

\ N
e
8.63] 10~6T

e
~1@2[)(T

e
)/g

L
] exp ([s

LU
/kT

e
)

\ N
e
q
LU

(T
e
) , (6)

where is the excitation energy of the transition, is thes
LU

g
Ldegeneracy of the ground state, and is the e†ective)

LU(thermally averaged) collision strength ; all other symbols
have their usual meaning. We adopted the calculated values
for from Aggarwal et al. (1992).)

LU
(Te)If we consider a ““ blob ÏÏ of plasma containing He` ions in

a ““ microturbulent ÏÏ velocity Ðeld of mean absolute ampli-
tude the distance traveled by such plasma elementV

NT
,

before the upper level of the He II j304 line is excited is then

*h \ VNT texc \ VNT/CLU
. (7)

In presence of a temperature gradient of magnitude +Te,such a distance corresponds to a temperature di†erence :

T
ef
B [ T

ei
\ ^+T

e
*h , (8)

where and are the initial and Ðnal (or ““ emission ÏÏ)T
ei

T
ef
B

temperatures, respectively, to which the plasma element is
exposed, and the positive (negative) sign applies to ions
moving toward higher (lower) temperatures. We will omit
the sign in the symbol of when we do not need toT

efdi†erentiate between the two cases.
For a plasma element moving along the temperature gra-

dient toward higher temperatures (““ upward ÏÏ), the relevant
(shortest) excitation time is set by the excitation rate at T

ef
.

Thus, combining the above expressions (5)È(8), we can
implicitly deÐne in terms ofT

ef
T
ei

:

T
ef
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ef
` )
D
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The parameter in the rightmost term of equation (9),

M \VNT +T
e

P
e

(10)

(which we may call ““ velocity redistribution parameter ÏÏ),
encloses the dependence of upon the physical conditionsT

efof the atmosphere (for simplicity, we have made the further
assumption of constant electron pressure : P

e
\

P
ef

\P
ei

\N
ei

T
ei
).

Similarly, for a plasma element moving toward lower
temperatures (““ downward ÏÏ), the shortest excitation time is
set by the rate at and thereforeT

ei
,

T
ef
~ \ T

ei
[ M

C T
ei

q
LU

(T
ei
)
D

. (11)

This illustrative one-dimensional model shows that the
temperature at which emission occurs is determined byT

efthe initial conditions of the small-scale ““ blob, ÏÏ (P
ei
, T

ei
),

the temperature gradient in the direction of motion, +T
e
,

and the mean ““microturbulent ÏÏ velocity at which this blob
moves, through the velocity redistribution parameterVNT,M deÐned by equation (10) :

T
ef
B \F(T

ei
,^ M) . (12)

In order to estimate the relative photon production rate
between the ““ standard ÏÏ case, M \ 0 (i.e., and/orVNT \ 0,

and/or and the case of nonzero M, we can+T
e
\ 0, P

e
] O)

assume that the ion population in the plasma ““ blob ÏÏ
remains the same (an approximation applicable if the rele-
vant ionization and recombination times are much longer
than Then the enhancement factor is simply the ratiotexc).of the rates from equation (6) under the di†erent physical
conditions in the two cases :

Y
f
B4

I
f
B(He II j304)
I
i
(He II j304)

\ C
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ef

, T
ef
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C
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(P
ei
, T

ei
)

\H(T
ei
,^ M) ,

(13)

where in the last passage we have once more used the
approximation of constant TR pressure and applied equa-
tion (12) to eliminate T

ef
.

For values of M approaching or exceeding equa-q
LU

(T
ei
),

tion (11) does not provide meaningful estimates of InT
ef
~ .

this case, because of the strong temperature dependence of
the term in the collisional rate, we canexp ([s

LU
/kT

e
)

however assume that is much smaller than andT
ef
~ T

ei
,

therefore that If we make the latter approximationY
f
~B 0.

for all values of M, and assume an isotropic velocity Ðeld
where about half the He` ions move ““ upward, ÏÏ we obtain
a conservative enhancement for the intensity enhancement :

Y
f
u B 12Y f

`\ 12H(T
ei
,] M) . (14)

This estimate of the enhancement factor is essentially the
same as in equation (15) of CJ80, except for the conservative
factor 12.

The above approach can be generalized by considering
an ensemble of plasma elements in a ““ microturbulent ÏÏ
velocity Ðeld whose statistical distribution is determined
by a Gaussian with standard deviation G(V )\VNT :

As in the customary treat-exp [[(V /VNT)2/2)]/(J2nVNT).ment of microturbulent broadening of optically thin lines,
the line intensity proÐle is obtained by convolving the
above distribution with the ““ intrinsic ÏÏ proÐle, whichI

f
rj,includes thermal and possibly other types of broadening in

the rest frame of each plasma element. However, the intrin-
sic proÐle now depends on the velocity V not only via the
Doppler-shifted wavelength j but also via the enhancement
factor and the velocity redistribution parameter : I

f
(V )\

(eq. [13]). It is easy to see that this is equivalentI
i
H[M(V )]

to convolving the line proÐle in the case V \ 0 (i.e., I
i
rj)with the distribution '(T

ei
, V ) \ G(V )H(T

ei
, MV /VNT),where we have retained the deÐnition of M in terms of VNT,as in equation (10). The total enhancement factor relative to

is thenI
i

Y
f
\
P

'(T
ei
, V )dV \G(T

ei
, M) . (15)

It is important to realize that the estimate of the intensity
enhancement resulting from the application of this equation



No. 1, 2000 ENHANCEMENT OF He II j304 LINE 443

is still conservative because we are treating the unrealistic,
optically thin case, in which half the photons emitted are
lost to the lower solar atmosphere. The photon enhance-
ment from the actual optically thick atmosphere would be
greater, as most of the photons created would be scattered
out of the atmosphere in the observed line.

The product of this analysis is the emission temperature
and intensity enhancement for the individual plasma blob,

(eq. [12]) and (eq. [13]) respectively, and the totalT
ef
B Y

f
B

enhancement in a microturbulent velocity Ðeld, (eq.Y
f[15]), as functions of the atmospheric parameter M and of

the initial electron temperature, The initial electron tem-T
ei
.

perature, is chosen to be that value at which the emiss-T
ei
,

ivity of the He II j304 line peaks, in equilibrium conditions
(viz. As noted earlier, this value is approximatelyT

ei
\ T

ef
).

80,000 K. The resulting enhancement curves are shown in
the upper panel of Figure 4.

In the same Ðgure, we also show the enhancement factors
computed for K. This demonstrates that theT

ei
\ 70,000

enhancement factors are quite sensitive to the choice of the
initial temperature. In what follows, we will continue to
assume that K, but bearing in mind that quan-T

ei
\ 80,000

titative results (in particular, how steep is the dependence of

FIG. 4.ÈUpper panel : Dependence of the enhancement factor, uponY
f
,

the velocity redistribution parameter, M, for K (solid, thickT
ei

\ 80,000
line). Enhancement factors calculated K are shown with aforT

ei
\ 70,000

thinner line. The limit value for M ] 0, is indicated with a horizon-Y
f
\ 1,

tal dotted line. Power-law approximations of the function are shownY
f
(M)

with a thin-dashed line. Enhancements at K from upward-T
ei

\ 80,000
and downward-moving plasma blobs, times a conservative factor 12, Y

f
B/2

(see also eq. [14]), are indicated by a long-dashed and dash-dotted line,
respectively. L ower panels : Loci of constant enhancement factors, atT

ei
\

K, as function of temperature gradient and nonthermal velocities, at80,000
two values of the electron pressure representative of the quiet Sun (lower
left-hand panel) and active regions (lower right-hand panel).

on M?) depend critically on this choice. In particular, ifY
f is to be taken as the temperature of the peak of the lineT
eiemissivity, its value will depend on the shape of the DEM

curve, as discussed at the beginning of ° 2.
Furthermore, Figure 4 shows that over a broad range of

the parameter M, the enhancement factor can beY
fapproximated with a power law of index in the range 0.4È

0.5. A better approximation for the enhancement factor can
be estimated in the form

Y
f
(m) B 1 ] ambe~c@m , (16)

where m is the nondimensional quantity whileM/q
LU

(T
ei
),

the best-Ðt coefficients are a \ 0.841, b \ 0.505, and
c\ 0.93 for K (where cm3T

ei
\ 80,000 q

LU
\ 2.58] 10~11

s~1), and a \ 0.900, b \ 0.593, and c\ 0.65 for T
ei

\ 70,000
K (where cm3 s~1). The above approx-q

LU
\ 1.17] 10~11

imation reproduces the numerical results of equation (15)
within 2% for Equation (16) also high-M ¹ 20 ] q

LU
(T

ei
).

lights the fact that the velocity redistribution mechanism is
e†ective for and thus its onset depends expo-M Z q

LU
(T

ei
),

nentially upon T
ei
.

Once the electron pressure is speciÐed, the function
can be translated into loci of constantY

f
(M) \G(T

ei
, M)

enhancement factors (hyperbolas) in the plane (eq.(VNT,+T
e
)

[10]). The results for K are shown in the lowerT
ei

\ 80,000
panels of Figure 4, for TR electron pressures that can be
considered representative of quiet-Sun and active-region
conditions, respectively.

We see that for quiet-Sun conditions, a signiÐcant
enhancement, up to a factor B5, can be achieved by ofVNTthe order of, say, 10 km s~1 or more and for TR gradients of
the order of (1È10)] 106 K Mm~1 (in the range of most
existing quiet-Sun TR models), but that for thicker TRs the
enhancement is too small for velocity redistribution to be
signiÐcant even for relatively high velocities. Likewise, the
same is true if too high a pressure is considered. The reason
for this is that the excitation time, decreases withtexc,density, reducing the distance traveled by the plasma blob
before photon emission occurs (eqs. [5]È[7]).

On the other hand, MJ99 give estimates for the enhance-
ment of the He II j304 line in the quiet Sun that are of the
order of 10 or higher, with values up to 50 (25 if all the
photons escape the atmosphere) in supergranular cell inte-
riors. These values are beyond those that can be obtained
with equation (15) for K, but again an addi-T

ei
\ 80,000

tional factor could be gained from backscattering from[2
the lower atmosphere ; as pointed out earlier, higher values
can also be obtained with K. Even higherT

ei
\ 80,000

enhancements could be obtained with a direct application
of equation (13), as was done in the original formulation of
CJ75, CJ80, but in this case it has to be assumed that all the
plasma blobs move upward (i.e., eq. [14] without the
factor 12).

In ° 3 we will show simultaneous observations of the He II

j304 and O III j600 lines. For the latter line, we have veri-
Ðed that velocity distribution is not an e†ective enhance-
ment mechanism, as postulated by CJ80 for typical (other
than helium) TR lines. We followed the same approach
delineated by equations (5)È(15), except that we included in
the collisional rate (eq. [6]) excitation from the three levels
1s22s22p2 3P, 1D, and 1S (the 600 line itself is produced byA�
the transition 1s22s2p31D] 1s22s22p21D). Using the e†ec-
tive collision strengths from Aggarwal (1993) and the ionic
fractions for O`` by Arnaud & RothenÑug (1985), we esti-
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mated that the line contribution function peaks around 105
K. Using this value as we estimated that for the sameT

ei
,

range of values as in Figure 4, velocity distribution pro-
duces practically negligible enhancements of the line inten-
sity.

2.1.2. Estimation of a L ower L imit on Actual Quiet-Sun Small-Scale
Nonthermal Velocities

We have shown how nonthermal velocities of the order of
10 km s~1 or more in the steep gradient of the solar TR can
e†ectively enhance the intensity of the He II line. We now
want to estimate the actual magnitude of nonthermal
velocities in the region of formation of the He II line. To do
so, we use the fact that the line is broader in quiet Sun than
in active areas and assume that the optical depth in the
quiet-Sun proÐle is equal to, or smaller than, the optical
depth in active regions.

In their interpretation of earlier He II j304 observations,
Kastner & Bhatia (1998) assume, on the contrary, that the
line observed in active regions is practically optically thin.
Thus, they interpret the broader quiet-Sun proÐles as due to
larger optical thickness. On the other hand, at T \ 80,000
K, using the corresponding fractional abundance value of
Arnaud & RothenÑug (1985), and a photospheric helium
abundance of 0.085 (Richard et al. 1998), we estimate, at a
hydrogen density of 1010 cm~3, that the center-line opacity
is of the order of 1 km~1 or more (depending on the amount
of nonthermal broadening). The opacity is higher by a
factor 2È4 at the temperature of maximum fractional abun-
dance of He`. It is therefore unlikely that the He II j304 line
is optically thin, either in the quiet Sun or in active regions.
Our conclusion is consistent with the estimates by CJ75 and
MJ99 of q(304 A� )º 10.

If the He II j304 line is optically thick, its width would
increase relatively slowly with optical depth. According to
the approximate, escape-probability expression of Kastner
& Bhatia (1997), the width of an optically thick line
increases as The observed line widths would there-Jln q.
fore imply that the optical depths of quiet-Sun proÐles are
much larger than those in active regions. But line intensities
for optically thin or thick lines (but still in the e†ectively
optically thin regime) scale almost linearly with their optical
depth (Mihalas 1978, p. 346È349 ; Jones & Skumanich
1980). Even taking into account a reduction in the col-
lisional source term in the source function, due to the lower
density, it is very difficult to obtain a broader but at the
same time less intense line in the quiet Sun, compared to
active regions. Moreover, both quiet and active proÐles are
well represented by a Gaussian, while signiÐcant di†erences
would be expected if optical depth were the only parameter
in determining the di†erence in line width (see Fig. 2).

If we further assume that the magnetic Ðelds in the radi-
ating features that produce the 304 line have no e†ectA�
on the line proÐles, then the excess broadening in the lower
intensity lines cannot be due to optical thickness. This
excess residual broadening must then be due to the excess in
the actual average nonthermal velocities in the quiet ele-
ments over the active elements. This provides us a basis for
estimating a lower limit on the actual mean small-scale,
nonthermal velocities of the radiating He` ions in the quiet
Sun.

To do so, we show the intensity and what we have deÐned
as residual line widths in equation (4) and plotted in Figure
3, in the form of scatter-plots, width versus intensity (Fig. 5).

FIG. 5.ÈScatter plot of residual line width (W ) vs. intensity (I) for
SERTS-91 (upper panel) and -93 (lower panel). In both cases, Ðlled-in circles
represent data from pointing positions A, while empty circles represent
data from positions Q. The parameters of the linear Ðts to the data,
W \ a ] b ] I, are shown in the upper-right corner of each panel,
together with their estimated uncertainties and the value of the normalized
s2 of the Ðt. On-disk data points for SERTS-91 position Q are displayed,
even though they have not been used in the determination of the best-Ðt
line. Estimates for the average increment in nonthermal velocities between
quiet and active areas are also shown (see ° 2.1.2).

Using the estimated errors on and assuming that thep
M

,
uncertainties on and are comparatively much smaller,p

I
p
Tthe uncertainties on the residual widths are estimated by

propagating the errors in equation (4) : p
R

dp
R

\ p
M

dp
M

.
Using these estimates of the uncertainties, we thendp

R
,

computed a weighted linear Ðt to the data.
The three points from SERTS-93 with null residual

widths are still shown in Figure 5, even though they have
not been used in the Ðt (their weights would be zero). More-
over, the on-disk points from SERTS-91 position Q are
considerably closer to the limb than points from position A
or from SERTS-93 (in fact, as described in ° 2, at that posi-
tion the slit crossed the limb). There is therefore the possi-
bility of an additional geometrical e†ect on the opacity of
those line proÐles, relative to the observations at position A.
We therefore excluded from the Ðt procedure data from
those observations (the corresponding data points are
however still displayed in Fig. 5).

From the Ðgure, it is easy to see that both data sets show
an anticorrelation between line width and intensity. This
result conÐrms and extends previous reports based on lower
spatial resolution observations (Cushman & Rense 1978).
However, the Ðtted correlation from SERTS-91 is to be
regarded as less reliable than the correlation from SERTS-
93, for two reasons. First, it depends on a smaller number of
data points (most quiet-Sun data have been excluded from
the Ðt for the reason given above). And, second, the range of
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intensities is smaller (the slit was located only at the periph-
ery of the target active region), and thus does not constrain
the anticorrelation as e†ectively as data from SERTS-93.

If we select the intercept of the Ðt for SERTS-93 data, in
Figure 5, with the two vertical lines to approximate the
change in residual line width when going from average
quiet-Sun conditions to average active Sun conditions, as
determined by the SERTS-93 data analyzed by Brosius et
al. (1996), this gives us a measure of the minimum
““ average ÏÏ contribution to the residual line width of the
actual nonthermal velocity in the quiet elements. The values
we obtain for the lower limit, 8È16 km s~1, are also reason-
able lower limits for the values obtained from optically thin
TR lines around 105 K (e.g., Dere & Mason 1993). The
actual small-scale velocities of the He` ions in these quiet
elements could be larger, since we are allowing for the possi-
bility that these velocities are zero in the active elements,
and that the higher opacity in the active elements makes no
additional contribution to the line widths. This Ðrst condi-
tion may well be violated and the second one almost cer-
tainly is. Thus the values exhibited between the two
horizontal lines shown in Figure 5 are certainly a lower
limit to the average small-scale nonthermal velocities in the
quiet elements.

A clear anticorrelation between line shift and intensity is
also present in SERTS-91 data, but it is much weaker in
SERTS-93 (see Fig. 3). Analysis of other SERTS data is in
progress to further investigate this issue. Moreover, the
absolute wavelength calibration of these SERTS spectra is
not sufficiently accurate to ascertain whether bright features
are redshifted, or it is the fainter features which tend to be
blueshifted. The latter case, however, is interesting because
it would be consistent with the picture of the velocity redis-
tribution mechanism being more e†ective in the quiescent
atmosphere. In that case, we would expect most of He II

emission to come preferably from upward-moving plasma
elements (in those atmospheric structures whose tem-
perature gradient is vertically oriented).

3. COORDINATED OBSERVATIONS OF 1998 JUNE

Further tests can be run to assess the region of the quiet
Sun most likely to produce the highest enhancement in 304

radiation. In particular, we are interested in locating theA�
regions where most likely the velocity redistribution mecha-
nism is e†ective, either because of large nonthermal veloci-
ties or because of steep temperature gradients. For the latter
study, a comparison between network elements and super-
granular regions will be indicative. It is interesting that the
enhancement factor estimated by MJ99 from an average
cell-center spectrum is higher than that estimated from an
average network boundary spectrum by about a factor of 2.
As noted by those authors, that is consistent with a steeper
temperature gradient in cell centers. We will discuss this
particular aspect in ° 3.2.2.

On the other hand, it is also reasonable to expect an
association between enhanced emission in He II j304 and
regions associated with the quiet-Sun elements known to
have the largest and most complex velocity Ðelds. These
regions are found on the boundaries of the super-
granulation cells and have been studied extensively in a
number of di†erent wavelength positions on the Ha line,
including the 0.5 red wing (with a 0.2 bandpass) byA� A�
Beckers (1968), Heinzel & Schmieder (1994), and others.
While there is still some ambiguity over what Beckers calls

bright and dark Ðne mottles and their association with indi-
vidual spicules and interspicular material, and even some
uncertainty on exactly how these disk features rotate onto
the limb to correspond to the spicules seen there
(Grossmann-Doerth & Schmidt 1992), there is general
agreement that the so-called dark coarse mottles seen in the
above-noted red wing of Ha correspond to the spicule
““ rosettes ÏÏ seen on the disk, also called ““ bushes ÏÏ as they
approach the limb. For illustrations of these observations,
the reader is directed to Figure 14 in Beckers and Figure 1
in Heinzel & Schmieder.

We conducted two series of observations to establish the
correlation between the He II j304 line emission and the
dark coarse mottles observed in the red wing of Ha in the
quiet Sun. The 304 observations were obtained with theA�
Normal Incidence Spectrograph (NIS) on the SOHO
Coronal Diagnostic Spectrometer (CDS), and the Ha obser-
vations were obtained with the solar telescope at the

in Coimbra, Portugal. The twoObservato� rio Astrono� mico
series of coordinated observations were taken during 1997
May 7È13 and 1998 June 20È21. In addition to CDS, the
Ðrst series also featured spectral observations taken with the
SUMER instrument on SOHO. In exchange for the advan-
tage of the additional high-resolution spectra obtained with
the SUMER instrument, it was necessary to conduct the
1997 series near the limb: all the observations were taken at
three di†erent solar latitudes, at about 700A west of the
central meridian. As a result, because of projection e†ects
the correlation between the 304 line and the dark coarseA�
mottles was weaker in that series than in the disk-center
observations of 1998 June. We therefore focused on the
latter data set.

3.1. CDS Observations
The CDS observations taken during the June 1998 cam-

paign were obtained using an observing sequence identiÐed
with the acronym HECATRNW. The normal incidence
spectrometer (NIS) of CDS was used with the 4@@] 240@@ slit.
The observing sequence comprises 60 exposures, each one
lasting 46 s. After each exposure, the slit is moved by 4A
east : a complete raster thus covers an area of 240@@] 240@@
on the Sun. The total duration of the raster is about 54
minutes, including instrumental and telemetry overheads.

The HECATRNW sequence was run nine times on 1998
June 20, starting at 10 :01 :45 UT, and eight times on June
21, starting at 8 :01 :55 UT. The pointing of the instrument
was chosen to cover an essentially quiet area at the center of
the solar disk, as shown in Figure 6.

Because of telemetry limitations, study HECATRNW
returns only a portion of the exposed spectra. In the Ðrst
spectral band (NIS1, 308È381 four spectral windows areA� ),
returned ; in band NIS2 (513È633 10 spectral windowsA� ),
are returned (three of which overlap to cover a wider wave-
length range). The most intense lines in those spectral
windows are listed in Table 1. From ionization balance
calculations (e.g., Arnaud & RothenÑug 1985), these CDS
observations cover solar plasma temperatures ranging from
^2 ] 104 K (He I lines) to ^2 ] 106 K (Fe XVI line).

Data processing steps (debiasing, cosmic-ray removals,
Ñat-Ðelding) were performed using standard CDS analysis
software. The Ðt procedures to the line proÐles have been
performed on the uncalibrated spectrum, which has the
advantage of having a nearly constant scattered-light back-
ground in both NIS wavelength bands. Atomic data such as
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FIG. 6.ÈField of view (FOV) for the CDS middle rasters of the series of 1998 June 20 and 21, shown on a synoptic NSO/KPVT He I j10830 image. The
FOV coordinates have been rotated to the time of the KPVT image. The active region on the NW of the observed areas is NOAA 8243.

wavelengths or oscillator strengths sometimes necessary in
the Ðts (see below) were mainly derived from the CHIANTI
database (Dere et al. 1997). The intensity calibration factors
from the CDS analysis software were then applied to the
Ðtted spectra ; in particular, we have used the CDS labor-
atory calibration (Lang et al. 1999) to derive the intensity of

the He II j304 line, which is observed in the second-order
spectrum of the NIS wavelength band 2. In this paper we
are mainly interested in correlations and relative intensities,
thus the accuracy of the absolute intensity calibration is not
our prime concern, but it should nevertheless be mentioned
that at least two revisions to the ““ standard ÏÏ intensity cali-

TABLE 1

LIST OF SPECTRAL WINDOWS OF THE CDS OBSERVING SEQUENCE HECATRNW .

Range
Window Band (A� ) Lines log Tion

1]2 . . . . . . . . 2 535.9È540.5 He I j537.0, O II j538, C III j538 4.3, 4.5, 4.85
3]4 . . . . . . . . 2 552.2È556.7 O IV j554 5.2
5 . . . . . . . . . . . . 1 346.7È348.1 Si X j347.4 6.1
6 . . . . . . . . . . . . 2 583.2È585.5 He I j584.3 4.3
7 . . . . . . . . . . . . 1 355.3È356.7 Si X j356.0 6.1
8 . . . . . . . . . . . . 2 598.4È600.8 O III j599.5 4.95
9 . . . . . . . . . . . . 1 360.1È361.5 Fe XVI j360.8 6.35
10]11 . . . . . . 2 605.4È610.1 He II j303.8a, Si XI j303.3a, 4.65, 6.2

O IV j608.4,609.8, Mg X j609.8 5.2, 6.05
12 . . . . . . . . . . . 1 367.4È368.8 Mg IX j368.1, Mg VII j367.7 6.0, 5.8
13 . . . . . . . . . . . 2 623.8È626.1 Mg X j624.9 6.05
14 . . . . . . . . . . . 2 628.6È630.9 O V j629.7 5.4

NOTE.ÈData taken on 1998 June 20È21. The quantity refers to the temperature oflog Tionmaximum fractional abundance of the ion, from the ionization balance calculations of Arnaud &
RothenÑug 1985.

a In second-order spectrum.
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FIG. 7.ÈRepresentative CDS/NIS proÐles containing the He II j304
line (observed in second order). The spectra shown here are all extracted
from the same slit spectrum from the third raster of 1998 June 20 and are
therefore simultaneous. Diamonds represent bright network elements ;
stars represent a spectrum from the boundary of a supergranular cell ;
squares represent the cell-center spectrum. The solid lines represent multi-
ple Gaussian Ðts to the spectra.

bration of CDS/NIS have been proposed (Landi et al. 1997 ;
Brekke et al. 2000).

For the present discussion, only the He II j304 and O III

j600 lines will be considered in detail. A more complete
study of these CDS observations, along with the 1997 May
series of observations, will be the subject of a follow-up
study. The total intensity of the O III j600 has been deter-
mined by Ðtting each spectrum with a Gaussian proÐle. The
intensity of the He II j304 line required more care because
of the proximity of the Si XI j303 line and of other Ðrst-
order lines.

Figure 7 shows representative intensity proÐles from the
two overlapping spectral windows covering the wavelength
range around the He II j304 line. All the lines indicated
in the Ðgure have been Ðtted with a Gaussian proÐle. The
O IV doublet, arising from the transition 2s2p22S1@2 ]

has been Ðtted with two Gaussians having2s22p 2P1@2,3@2,the same width, while separation and relative intensity were
kept Ðxed at their theoretical values (1.432 and 1.888 A� ,
respectively). Of course, the overall wavelength position,
total intensity, and line width of the doublet were left as free
parameters to Ðt. Brooks et al. (1999) list an unidentiÐed
line at 608.7 which we have not taken into account sinceA� ,
it is not likely to have a signiÐcant e†ect on the He II line.
Since the Si XI j303 line is normally very weak in our quiet
Sun observations, its wavelength and width have also been
Ðxed. This is sufficient to accurately correct its e†ect on the
He II proÐle.

3.1.1. Co-Alignment of CDS and Ha Images

Three Ha red-wing spectroheliograms were taken on
1998 June 20, at 11 :05, 12 :00, and 14 :05 UT, while weather
conditions did not permit useful observations on June 21. A
0.2 bandpass Ðlter set at 0.5 from line center was used.A� A�
In the processing of the data, we have paid particular atten-
tion to the issue of the co-alignment of CDS and Ha images.

One speciÐc problem stems from the fact that a CDS
image is built from a raster lasting almost 1 hr : at the end of

the raster, the location corresponding to the Ðrst spectrum
has moved west, as a result of solar rotation, by about 8A.
Consequently, CDS images need to be ““ destretched ÏÏ or
““ di†erentially rotated ÏÏ : the coordinates of each pixel, that
is, should be modiÐed by taking into account the
(di†erential) solar rotation.

Moreover, in the time interval of a CDS raster, there is
only one Ha available, at most. Thus, besides the obvious
problem of comparing features separated in time by as
much as half an hour, there is also the problem of choosing
the appropriate CDS raster to compare with a given Ha
image. For example, the east side of the Ha image taken at
11 :05 UT should be compared with the Ðrst CDS raster,
which ends at 10 :55 UT, while the west side of the images is
closer in time to the second CDS raster, which starts at
10 :56 UT (the CDS raster mechanism moves the slit from
W to E during an area scan, as described in ° 3.1).

To partially compensate for this problem, for each Ha
image we created a CDS ““ pseudoraster ÏÏby Ðrst di†eren-
tially rotating the series of CDS rasters and then by linearly
interpolating in time the resulting images at the time of the
Ha image, on a pixel-by-pixel basis. In this procedure, we
adopted the solar di†erential rotation rate from Howard,
Harvey, & Forgach (1990). An example of the result of this
procedure is shown in Figure 8. We then coregistered each
of these three CDS pseudorasters with the corresponding
Ha red-wing image by aligning the dark coarse mottles with
bright emission in O III j600. The results are illustrated in
Figure 9.

3.2. On the Relationship between He II j304 and
Chromospheric and T R Structures

We now proceed to the discussion of the tests about the
regions of the quiet Sun where the velocity redistribution
mechanism is most likely operating. We will examine both
the correlation of helium and TR emission with the Ha
coarse dark mottle structures and the relationship between
the He II line and emission in other TR lines, mainly the
O III j600 line.

FIG. 8.ÈIntensity proÐles from the three CDS rasters nearest in time to
the Ha red wing image taken at 11 :05 UT on 1998 June 20. L eft panel :
Original data from rasters starting at 10 :01 :45, 10 :55 :58, and 11 :50 :05
UT, coded with dashed, dash-dotted, and dotted lines, respectively. Right
panel : Di†erentially rotated proÐles, along with intensities interpolated in
time to 11 :05 UT (thick, solid line).
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FIG. 9.ÈHa images of the target quiet area observed on 1998 June 20. Contours of He II j304 intensity from the ““ pseudorasters ÏÏ described in ° 3.1.1 are
also displayed.

3.2.1. T he He II j304 L ine and Ha Coarse Dark Mottles

When examining the data taken at Sun center in 1998
June, we found a signiÐcant correlation between the He II

j304 line and Ha red wing, with correlation coefficients
around [0.5 (i.e., bright He II emission tend to correspond
to dark Ha features). The correlation coefficients between
the three Ha images of June 20 and the corresponding
CDS/NIS pseudorasters created as described in the pre-
vious section, are listed in the Ðrst column of Table 2.

That helium emission is higher in regions associated with
the chromospheric network is not really surprising per se.
The signature of the velocity redistribution mechanism
would not be an absolute intensity enhancement (which
even in the standard picture would occur anyway in regions
of higher emission measure) but rather a relative enhance-
ment with respect to TR line emission. To test this, we chose
the O III line at 600 which is formed under very similarA� ,
conditions to the 304 line. The correlation coefficientsA�
shown in the second column of Table 2 are not signiÐcantly
di†erent.

Of course, the fact that the O III line correlates equally
well with the coarse dark mottle chromospheric structures
does not necessarily rule out the velocity redistribution
mechanism. It rather suggests a more subtle correlation
study, which is reported in the next sections.

3.2.2. A Comparison between the He II j304 and O III j600 L ines

The nonthermal velocity Ðeld is not the only relevant
parameter determining the e†ectiveness of velocity redistri-
bution : the temperature gradient is an equally important
ingredient, as discussed in ° 2.1.1. Limiting our attention to
quiet-Sun structures, several semiempirical models of the

TR indicate that the temperature gradient in cell centers
tends to be higher than in network elements : e.g., Mariska
(1992, pp. 169È170) gives a TR temperature gradient from
50% to a factor 3 higher in cell centers (at equal pressures),
while MJ99 Ðnd a TR thickness that decreases from cell
boundaries to interior by a factor B3 (for equal pressures),
or B40 (using a pressure B3 times higher in cell interiors
than in boundaries). For this reason, an analysis of the
center-to-boundary behavior of the He II j304 line is of
particular interest.

From the proÐles of Figure 7, it is already clear that the
intensity of the He II j304 relative to the O IV j608 line
varies signiÐcantly, with the He II line being comparatively
more intense in the cell-center proÐle (although it is fainter
there on an absolute scale). Similarly, MJ99 have reported
that the ratio He II j304/O III j600 tends to decrease with
the intensity of the latter. This fact is illustrated in Figure
10, for one particular CDS raster. More speciÐcally, the
ratio is clearly enhanced toward the supergranular cell inte-
riors. Further, no clear correlation is seen with the coronal
Mg X j625 line, which we might consider as a proxy for the
coronal radiation producing the P-R mechanism. A com-
parison with other TR lines would reproduce essentially the
same results. As a summary, the third and fourth columns of
Table 2 show the correlation coefficients of the ratio He II

j304/O III j600, which we will denote with R, with both the
Ha red wing and the Mg X j625 line, for the three reference
pseudorasters.

Because its formation temperature is close to that of the
He II j304, we will once more restrict our attention to the
O III j600 line, whose total intensity we will denote with I0.A scatter plot of log R versus in the form of a two-log I0,

TABLE 2

VARIOUS CORRELATION COEFFICIENTS DESCRIBED IN °° 3.2.1, 3.2.2, AND 3.2.3, FOR THE THREE Ha
RED-WING IMAGES TAKEN ON 1998 JUNE 20 AND THE CORRESPONDING

CDS/NIS PSEUDORASTERS

Time Ha, He II Ha, O III R, Ha R, Mg X E
R
, Ha E

R
, Mg X

11 :05 UT . . . . . . . . . . . . . . . . . . . . . . . . [0.521 [0.545 0.301 0.100 [0.226 0.442
12 :00 UT . . . . . . . . . . . . . . . . . . . . . . . . [0.542 [0.552 0.312 0.008 [0.264 0.418
14 :05 UT . . . . . . . . . . . . . . . . . . . . . . . . [0.516 [0.522 0.311 0.006 [0.290 0.528
14 :05 UT (SW quadrant) . . . . . . [0.474 [0.520 0.361 [0.058 [0.276 0.726
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FIG. 10.ÈImages from a sample raster taken on 1998 June 20, showing a 4@] 4@ area at disk center in the He II j304, O III j600, and Mg X j625 lines. The
ratio of the He II and O III images is shown in the middle right-hand panel : brighter areas indicate a higher ratio. The same ratio is shown again in the lower
right-hand panel as a contour plot overlaid on the O III image. Note the close association of high-ratio areas with dark areas in that line. Finally, the He II and
Mg X lines (image and contours, respectively) are compared in the lower left-hand panel.

dimensional histogram (Fig. 11), shows indeed a quite deÐ-
nite anticorrelation between the two quantities. In this case,
the correlation coefficient is [0.724. To construct this two-
dimensional histogram, we have used all the data points
available for both lines from the 17 rasters taken during the
1998 June campaign. Excluding spectra where line Ðtting
was not possible because of contamination by cosmic rays,
we used about 1.36] 105 spectra, or about 93% of the
total.

This two-dimensional histogram can be approximately
described by a bivariate normal distribution, with its major
axis determined by

log Raxis\ 2.740[ 0.510 log I0axis , (17)

and with standard deviation in the perpendicular direction
(indicated by a dotted line in the Ðgure). Wep

M
\ 0.0889

can use equation (17) as an estimate of the relationship
between the He II j304 and O III j600 lines. The logarithmic
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FIG. 11.ÈTwo-dimensional histogram of the ratio R vs. (see ° 3.2.2). Each square bin is of 0.025] 0.025 dex. The histogram is represented by ÐlledI0contours corresponding to 2n elements per bin, for n \ 0, . . . , 9. The axis of the bivariate normal distribution Ðtting the histogram is shown by a solid-dotted
line, while the dotted lines represent the width (standard deviation, of the distribution in the direction perpendicular to the axis. The dashed ellipsesp

M
)

represent the 1, 2, and 3 p contours of the bivariate normal distribution. The average values of the ratio at cross sections of the distribution perpendicular to
the axis, spaced by 0.025 dex, are represented by a solid, thick line, while the thinner lines connect the points at ^1 p.

spacing of the contours in Figure 11 shows that there is a
relatively small but signiÐcant population of data points
well outside of the core bivariate normal distribution, espe-
cially at higher values of Using other lines, such as theI0.O IV j554 multiplet or the O V j630 line gives similar results
but with somewhat smaller correlation coefficients (and
slopes). Departures from the bivariate normal distribution
also become more pronounced as the di†erence in forma-
tion temperature from the He II j304 line increases.

The intensities of the O III j600 and He II j304 lines, in
absence of a signiÐcant velocity redistribution e†ect, are
both approximately proportional to the emission measure
around K, (where the integration isT

e
\ 105 E4 / N

e
2 dh

usually carried out over an interval typically * log T
e
\ 0.1

or 0.3). Therefore, we can interpret the scatter plot of Figure
11 as an observational plot of the enhancement factor, Y

f
,

versus emission measure, E, where andRDY
f

I0DE.
In order to interpret the observed dependence R versus I0in terms of the heuristic treatment of the velocity distribu-

tion e†ect of ° 2.1.1, we could introduce scaling laws relating
the relevant quantities, and E and thenVNT, +T

e
, P

ecompare the computed variation (eqs. [15] or [16])Y
f
(M)

with the observations. From equation (10), and taking into
account that the emission measure scales inversely to the
temperature gradient, we haveED P

e
2/+T

e
,

M D VNT P
e
/E . (18)

As a zero-order approach, we could assume that the
observed anticorrelation versus E in the quiet Sun isY

flargely due to variations of the temperature gradient, while

variations in pressure and nonthermal velocities are compa-
ratively smaller, on average. Then, using the above relation
and the power-law approximation of with indexY

f
(M)

p B 0.4È0.5 given in ° 2.1.1 (see also Fig. 4), we have that
over a range of values of M, corresponding to acceptable
values for TR temperature gradient, nonthermal velocities
and pressures, we would expect

Y
f
DE~p . (19)

We note that the same result would have been obtained
under the assumption In any case, it isVNTP

e
D constant.

remarkable that over more than an order of magnitude in
intensity, the ratio R has a dependence on similar,I0although somewhat steeper, to the dependence of on EY

fgiven by equation (19).
Of course, the model for the velocity redistribution e†ect

described in ° 2.1.1 should not be taken too literally. Admit-
tedly, the approximations made to derive the relation of
equation (19) from such a model are themselves rather
crude. In some respects, the agreement is even surprising.
Nevertheless, we think that the evidence presented here is a
clue to be seriously taken into account by any more detailed
models attempting to describe the empirical properties of
the He II j304 line in the quiet Sun.

3.2.3. T he He II j304 L ine and Ha Dark Mottles, Revisited

Figure 11 shows that at higher values of the ratio R isI0more likely to be in excess of the value given by equation
(17), as discussed in the previous section. We now want to
ascertain whether the particularly dynamical regions of the
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Ha dark mottles could be associated with these anomalous
ratios. To do so, we use the information about the width of
the two-dimensional distribution R versus Given twoI0.images in the O III j600 and He II j304 lines, we construct
the image ratio, R, and the predicted ratio from equation
(17), we then deÐne the ““ excess ratio ÏÏ, as theRaxis(I0) ; E

R
,

ratio of the two. The logarithm of is proportional to theE
Rdistance of the observed value R from the axis of the two-

dimensional distribution of ratios.
Figure 12 shows a comparison between such excess ratio

derived from two of the CDS pseudorasters and the corre-
sponding Ha red-wing images. A comparison with the Mg X

j625 images is also shown. There is indeed some association
between areas with higher excess ratio and dark mottle
structures, but the correspondence is not perfect, in the
sense that while higher areas do tend to be associatedE

Rwith dark mottles (with exceptions), not all the Ha struc-
tures seem to correspond to a particularly high value of E

R
.

The correlation coefficients summarizing the correspon-
dence versus Ha red wing are listed in the Ðfth column ofE

RTable 2. On the other hand, considering the dynamical
nature of the Ha dark mottles, and that in some regions of
the FOV the CDS pseudorasters have been constructed
from observations as far as half an hour away from the
corresponding Ha structures, we can conclude that there is
a signiÐcant although not one-to-one association with the
excess ratio E

R
.

However, a comparison with the Mg X j625 line indicates
that R is also correlated with coronal structures. This corre-
lation is more clearly deÐnite in bright areas of Mg X emis-

sion. For example, the brightening in the SW quadrant of
Figure 12 is closely matched by the area of particularly high
values of the excess ratio, By contrast, the same bright-E

R
.

ening seen in the CDS raster immediately following the Ha
image (Fig. 10), has no correlation with the ratio R. This
aspect of the relationship with the Mg X j625 line is also
seen in the correlation coefficients of the last column of
Table 2. In fact, while the correlation between R and the
Mg X j625 line is always negligible, there is a signiÐcant
correlation with That correlation increases in areas withE

R
.

strong Mg X emission, as shown, for instance, by restricting
the correlation analysis to the SW quadrant of the 14 :05
UT pseudoraster.

On the basis of this analysis, we may speculate that, while
the velocity redistribution is the dominant mechanism for
the enhancement of the He II j304 line in the quiet Sun, the
P-R mechanism might play a role, although not a dominant
one, in areas with brighter coronal emission.

4. DISCUSSION AND SUMMARY OF THE RESULTS

We have exhibited evidence from two instrumentally
identical Ñights of SERTS, in 1991 and 1993, for a strong
anticorrelation between total intensity and residual line
width in the He II j304 line. We have o†ered an argument
based on these observations and the optically thick proper-
ties of this line that establishes an average lower limit on the
actual nonthermal velocities of the emitting ions in quiet
regions of the Sun. We have also performed some simple
model calculations to determine what velocity magnitudes
are required for velocity redistribution to contribute signiÐ-

FIG. 12.ÈComparison of the ““ excess ratio ÏÏ (see ° 3.2.3), with two Mg X j625 line (left panels) and the Ha red-wing images (right panels). The contoursE
Rin the outer panels refer to values of corresponding to a distance from the axis of the two-dimensional histogram of Fig. 11 of 0, 0.5, 1, 1.5, 2, 2.5, andE

R3 ] p
M
.
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cantly to intensity enhancement in the 304 line. TheA�
velocity magnitudes determined from our He II j304 line
widths are sufficient to contribute signiÐcantly to intensity
enhancement but may not be sufficient to explain its mag-
nitude, as estimated by MJ99. We have noted at least one
other process, velocity Ðltration, which may also contribute
signiÐcantly to the enhancement. On the other hand, the
values given for the intensity enhancement of the helium
lines in MJ99 could still be revised as the intensity cali-
bration of the SOHO/CDS spectrographs is improved.

The empirical anticorrelation of the line width versus
intensity we have shown here is a particularly interesting
property of the He II j304 line requiring further study. Dere
& Mason (1993) analyzed the ““ microturbulent ÏÏ velocities
that were observed with the high resolution rocket telescope
and spectrograph. Examining a number of TR lines, includ-
ing the C IV jj1548, 1550 and Si IV jj1393, 1402 doublets as
well as other lines forming around the formation tem-
perature of He II j304, they inferred microturbulent veloci-
ties which appeared to be either constant on average or
even to have somewhat higher values in active regions than
in the quiet Sun.

One possibility could be that in reality the smaller widths
of the He II j304 line in active regions are more the result of
lower formation temperatures than of smaller nonthermal
velocities. That could be a consequence of a possible domin-
ance in active areas of the P-R mechanism, which tends to
overionize helium quite deep in the atmosphere (coronal
photons below 228 are typically completely absorbed orA�
scattered only in the upper chromosphere). The He II line
spectrum would therefore form at lower temperatures, and
also at much higher line optical depths. But we have shown
proÐles that, being very close to Gaussians, are hardly com-
patible with that possibility, unless the spatial scale of our
SERTS observations is too large to resolve small active-
region radiating elements that produce self-reversed proÐles
shifted enough in wavelength to ““ wash out ÏÏ the central
reversal in the observed line. This is an issue we cannot
resolve at this time.

On the other hand, Thompson & Brekke (1999) report
results from full-disk, spatially averaged CDS observations
that seem to indicate a reduction of line width in active
regions compared to quiet Sun in He I j584, He I j522, and
O III j600 but not in the higher temperature Mg IX j368 and
Si XII j521 lines. Their result regarding the width of TR
lines, therefore, seems to be consistent with our Ðndings
about the width of the He II j304. Moreover, smaller
““ microturbulent ÏÏ velocities could well be expected in
higher density, active-region plasmas, permeated by strong-
er magnetic Ðelds. Clearly, this issue merits further investi-
gation both from the observational and the theoretical
point of view.

We have also presented a correlation study of the associ-
ation between Ha coarse dark mottles and SOHO/CDS
spatially resolved observations. When comparing a
““ typical ÏÏ TR line, O III j600, and the He II j304 line, the
results are consistent with, but not conclusively in favor of,
a dominant velocity redistribution mechanism in the quiet
Sun.

The analysis of the ratio He II/O III appeared somewhat
more interesting. In particular, we Ðnd a qualitative and
even semiquantitative agreement (in the sense of scaling
laws) between the observed behavior in quiet Sun network
structures and what we would expect from the velocity

redistribution mechanism. We also showed that the average
observed anticorrelation between that ratio and the inten-
sity of the O III j600 line could be interpreted as due mainly
to temperature gradient variations.

Moreover, when subtracting the gross, average relation-
ship between the ratio He II/O III and the O III line, obtain-
ing what we call the ““ excess ratio, ÏÏ the resulting structures
appear to be correlated both with the Ha red wing, coarse
mottle structures, and with bright coronal emission in Mg X

j625. We interpreted the latter correlation as an e†ect of a
relatively weak P-R mechanism superimposed on the domi-
nant velocity redistribution process.

While this analysis strongly suggests that velocity redis-
tribution does play a role, alternative explanations for the
observed anticorrelation between the ratio He II/O III and
the O III line should also be explored. For example, a
remaining open question is to what extent the higher He II

photon Ñux in cell center, relative to O III emission, could be
explained by resonant scattering of radiation from nearby
brighter network structures. In ° 2.1.2 we estimated that at
densities cm~3, the mean free path of a 304N

e
\ 1010 A�

photon is only a fraction of a kilometer or less. Nonetheless,
multiple resonant scatterings remain a possibility, even
taking into account that the vertical stratiÐcation of the
atmosphere is generally much smaller than the typical dis-
tance from the supergranular boundaries to the center of a
cell. For a direct veriÐcation, this is clearly a problem
requiring an adequate treatment of multidimensional,
non-LTE radiative transfer. However, we expect that these
radiative transfer e†ects depend on the opacity of the scat-
tering line. Thus, a comparative analysis of the center-to-
boundary behavior of lines with very di†erent optical thick-
ness could provide further constraints to the problem.

At this stage it is not possible to say that the problem of
the 304 intensity enhancement has been solved. What weA�
can say is that there appear to be two candidate pos-
sibilities, velocity redistribution and velocity Ðltration,
which are likely to make a signiÐcant contribution. The
Ðrst-named of them is supported by our observations. The
P-R mechanism seems to be playing only a secondary role
in the quiet Sun. Further constraints can be placed by a
more complete analysis of the CDS and SUMER data sets.
A detailed examination of the properties of the entire
helium spectrum is particularly important because of the
several interlocking mechanisms between features of both
He I and He II that should be taken into account for a more
realistic treatment of the problem (Andretta & Jones 1997).

The follow-up study will also include the use of the high-
resolution proÐles obtained on the 1997 November 18
SERTS Ñight for a proper non-LTE analysis of the 304 A�
proÐles and of other helium spectral features, as these
spectra were obtained simultaneously and cospatially with
SOHO/CDS, and with ground-based Ha red-wing images
obtained at Coimbra. In addition to the observations
already noted, the series of observations taken during 1997
May included nearly simultaneous grazing incidence
spectra of the highly ionized iron lines that lie just short of
the photoionization limit of He II at 228 using theA� ,
Grazing Incidence Spectrometer (GIS) on CDS. That will
also permit an additional test of the critical hypothesis of
electron collisional excitation of the 304 in the quiet Sun,A�
using direct observations.

The evidence for collisional excitation of the He II j304
line in the quiet Sun is already weighty, and growing, but
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the outcome is less certain for active regions, where we plan
to extend our analysis. We have reported that nonthermal
velocities observed in the region of formation of the He II

j304 line seem to be considerably smaller than in the quiet
Sun. We have also shown, through an analysis of the
He II/O III ratio, that there might be a contribution from the
P-R mechanism in bright network elements. Moreover, in
the paper by Jordan et al. (1993) a dominance of the P-R
mechanism could not be ruled out in active regions. On the
other hand, SERTS-97 observations indicate that even in
active region, the P-R mechanism is not dominant. We refer
to Figure 22 in Swartz et al. (1999), which is a superposition
of emission contours in the Fe XVI j335 line onto an emis-
sions map of the 304 line observed during the SERTS-97A�
Ñight. The Fe XVI line is known to be a good proxy for
coronal radiation over a broad wavelength and tem-
perature range (Jordan et al. 1993 ; Falconer et al. 1998). If
P-R were dominating the 304 line formation, one wouldA�

expect a much closer correspondence between the two dif-
ferent emissions. Yet, the SERTS-97 shows that even in the
active region, where our earlier study indicates this P-R
process may make some contribution, the correspondence
is poor.
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